Abstract' -Greater insight into the mechanisms of ligand substitution reactions at metal ions is being gained through the use of modern n.m.r. methods. Flow-Fourier-transform n.m.r. can be used to study some reactions which are difficult or impossible to examine by conventional methods, and to investigate reactions over a wider temperature range thereby improving the accuracy in ixS values. High-pressure methods allow the determination of LV and AlTO values, and these parameters are proving to be especially useful for defining the mechanisms of such processes. High field n.m.r. is enabling access to low sensitivity nuclei, such as natural abundance I7, and in the presence of some paramagnetic metal ions the chemical shifts of the donor atoms of 0 or N-donor solvents can be so large that very fast rates become accessible.
INTRODUCTION
Attempts to establish the mechanism of ligand substitution reactions at metal ions in solution have been actively pursued for more than thirty years. Great progress was made possible by the development of rapid reaction techniques, notably flow-methods and pulsed or periodic relaxation techniques such as temperature-jump or ultrasonic sound absorption (Ref. 1). Nuclear magnetic resonance line-broadening methods have played an important part in the development of the subject, starting with continuous-wave spectrometers in the early days, and progressing rapidly since the introduction of commercial Fourier-transform spectrometers more than ten years ago. Whilst it was necessary to use highly enriched H2'7O to study water exchange rates with continuous-wave spectrometers (the pioneering studies by T. J. Swift and R. E. Connick are especially noteworthy -Ref. 2 ), today we are fortunate in having access to high-field superconducting magnet spectrometers with much greater sensitivity, which reduces or often avoids the need for isotopic enrichment. This makes it possible to study 0-donor non-aqueous solvents which are difficult or expensive to isotopically enrich. The growth in n.m.r. studies of ligand exchange kinetics has been very rapid (Ref. [3] [4] [5] [6] [7] [8] . Here we shall examine briefly some of the results from three very different types of n.m.r. experiments which have been made possible with modern Fourier-transform spectrometers.
Flow-n.m.r. is useful for obtaining complete spectra on a moderately rapid timescale (with our F.t.n.m.r. every O.5s or so) following the rapid mixing of two reagents (Ref. [9] [10] . It is useful for extending studies of reactions over a wider temperature range (Ref. [11] [12] [13] [14] , and for giving structural information about intermediates involved in a reaction (Ref. [15] [16] [17] . It has been possible to study' some reactions by flow-n.m.r. which are difficult or impossible to investigate by line-broadening methods. For example, exchange.ofdimethyl sulphoxide (dmso) with [V(dmso)6]3 can be studied by flow-n.m.r. at low temperatures (Ref. 18 ), but not by n.m.r. line-broadening due to decomposition at elevated temperatures (Ref. 19 ). When f lown.m.r. results at low temperatures are combined with data from line-broadening data at higher temperatures, improved accuracy in activation parameters especially AS, can be achieved. The Forsen-Hoffman spin saturation transfer method is also useful for obtaining data at intermediate temperatures (Ref. [20] [21] . There are considerable discrepancies in AS values reported from early n.m.r. experiments over narrow temperature ranges, and where sensitivity was low and computer fitting of data was not always possible. The diverse activation parameters reported for dmso exchange with [Ni(dmso)6i2 ion are typical of the difficulties encountered by early workers in this area çRef. 7). The errors in tS values arise partly because AS is strongly correlated with AJfl, but also because LS is calculated from the intercept of a long extrapolation of an assumed linear Eyring plot.
ln(k/T) = ln(kBT/h) + tS/R-AH/RT (1) As can be seen from eqn. (1), values come from the slope of such a plot, and hence are usually more reliable than LS3&. By combining flow-n.m.r. data at lower temperatures with line-broadening results at higher temperatures, rate constants can be measured over more than a 1000 temperature range in some cases (Ref. [12] [13] [14] , and the values of LS then have more 348 P. MOORE mechanistic significance.
One of the reasons why high pressure studies have gained popularity in recent years has been the accuracy with which the mechanistically important LV values can be obtained. This is partly because like LV?, LV is calculated from a slope and not an intercept, this time from a plot of ln(k) versus pressure (P).
Accuracy in LiV values also comes from the use of a wide pressure range (typically 0. 1-200 MPa). The compressibility coefficient of activation, A33& is often so small that the third term in eqn.. (2) High-field n.m.r. can make accessible some very rapid ligand exchange rates especially when paramagnetic metal ions such as Ni2+ are present. By studying the ligand nucleus which coordinates directly to the metal ion (e.g. 170 or 14N), the very large contact chemical shifts which are produced have allowed us to access non-aqueous solvent exchange rates as high as 3 x 1o8s' (e.g. Ni2 which is coordinated to a non-exchanging tetra-azamacrocyclic ligand (Ref. 34) ). The effect of macrocycle (L) conformation on the rates and mechanism of non-aqueous solvent (5) Even when some systems are studied over a wide temperature range (> 1000) it is not always possible to assign a mechanism from the variable temperature results alone, despite the greater accuracy of the tS and AH values. For example, this is the case for [Ga(dmso)613+, although the significantly positive 1V value leaves us in no doubt that solvent exchange proceeds with a dissociative mechanism. In contrast the negative L\V and LS# values for Cr3+ and Fe3+ are consistent with associative mechanisms. Since Ga3+ and Cr3+ have almost identical ionic radii (62 pm) the different mechanisms must be ascribed to the 3d10 and 3d3 electronic configurations respectively. Ga3+ does not have a vacant low-lying orbital capable of accepting a pair of electrons from the incoming nucleophile, whereas in Cr3+ one of the partially filled t2 orbitals, which are essentially non-bonding, can readily act as the acceptor orbital in a sven-coordinate transition-state.
Most substitutions at 16-electron square-planar platinum(II) complexes are known to proceed with associative mechanisms. However, recently using flow-n.m.r. we have found evidence for dissociative substitution in cis-[Ph2Pt(dmso)21 (Ref. 41). In these systems the dmso molecules are S-bonded, and the trans-labilising influence of the phenyl groups enhances the dissociative activation mode, with a possible assistance from coordination to the oxygen atom of the remaining dmso molecule in the transition-state (Fig. 2) . Substitution of the dmso molecules by 2,2'-bipyridine, 1,10-phenanthroline, and 1,2-bis (diphenylphosphino)ethane (dppe) also proceeds with a dissociative mechanism, but with a small associative pathway observed for dppe. From equation (2) it can be seen that when ln(k) is plotted versus P, a negative slope is observed if is positive. Hence from Fig. 4 it can be seen that there is a gradual change from positive AV values for solvent exchange with Ni2+ and Co2+, to negative values for Nn2+ (and V2+). It is concluded that in aqueous solution and in methanol, there is a gradual change from an Id to an 'a mechanism in going from Ni2+ towards the left-hand side of the first row transition elements (Ref. 42) . The incomplete occupancy of the t2 set is again partly responsible for this trend. In aqueous solution (I' = 18 cm3 moF') it is estimated that the maximum value of 1V will be ca 9-11 cm3 mo11 for a D-mechanism (Ref. 5) . The situation in non-aqueous solvents is not well established, but some clue as to the maximum values of AV to be expected comes from recent studies of ligand (L) exchange with trans-[CH3Co(dmg)2L]. The activation parameters are summarised in Table 2 . (Table 3) indicate that the two reactions have a dissociative mechanism, although the magnitude and sign of the AS values is surprisingly different for the two reactions. Cr042 + HCrO -. 
HCrO4
There is a good linear correlation of L\V and LS values in this case (Table 4) . Table 5 . 
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The remarkable accelerating effect of tetra-azamacrocyclic ligands on the rates of solvent exchange is evident from the data in Table 6 , values of kex incresing by factors of 10-10. The rate acceleration arises primarily from a reduction in the AH values by 15-26 k J mol for the six-coordinate complexes and by 28-44 kJ mol for the five-coordinate species.
Significantly the values of Aff are lowest for the five-coordinate complexes, and the values
